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Introduction
• B∗∗ and Bc provide means for understanding heavy

quark spectroscopy.
• Useful test of quark models.
• B∗∗ is closest QCD analogue of hydrogen system.

• In HQET, b quark decouples from light degrees of
freedom.
• B mesons labeled by jq of the light quark.
• jq = L + sq: Total angular momentum of light quark.
• J = jq + sQ: Total angular momentum of system.
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B Meson Spectroscopy
• L = 0 states are the familiar B and B∗ mesons.

• L = 1 states collectively called B∗∗.
• jq = 1

2
J = 0, 1 → B∗

0 , B
∗

1

• jq = 3
2

J = 1, 2 → B1, B
∗

2

• States within each doublet degenerate in mass.
• Degeneracy broken because mb is not infinite.
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B∗∗ Spectroscopy
• jq = 1

2
decays via S-wave.

• Expected to be broad.

• jq = 3

2
decays via D-wave.

• Expected to be
narrow.

• B1 → Bπ

• B∗
2 → Bπ,B∗π

• Theory
• M(B1) ∼ 5700 − 5755

• M(B∗
2) ∼ 5715 − 5767

• Γ1,2 ∼ 20 MeV/c2

I. INTRODUCTION

The label ‘‘B**’’ is a collective name for the four lowest-
lying L51 states of B mesons. The low-lying part of the B
meson spectrum is illustrated in Fig. 1. As a result of heavy-
quark effective theory ~HQET! @1#, the heavy quark de-
couples from the light degrees of freedom in the mb→`

limit, and thus the B** states are usually labeled by the total
angular momentum j of the light quark q, i.e., Jq5L% Sq .
For the L51 states, this results in two doublets: B0* and B1*
for jq5

1
2 , and B1 and B2* for jq5

3
2 . The states within each

doublet should be degenerate in mass by HQET and have the
same total strong-interaction width. The 1/mb corrections
turn out to be significant and break this degeneracy. The
states in the jq5

1
2 doublet are expected to be broad since

they can decay through an S-wave transition, whereas the
jq5

3
2 states decay through a D-wave transition and are

therefore thought to be narrow.
The motivation for studying the B** states is twofold.

First, the combination of a heavy and a light quark is the
closest QCD analogue of the hydrogen system in QED and is
therefore an interesting testing ground for nonperturbative
theoretical models. Second, the B** states are expected to
decay strongly into Bp6, so the charge of the pion from
their decay can be used to determine the flavor of the weakly
decaying b quark at the time of its production. By ‘‘flavor’’
we mean whether the bottom quark involved is a b or b̄
quark, the common terminology adopted in B0 mixing and
CP-violation studies. This mechanism contributes to the B
flavor-tagging technique proposed in Ref. @2# and success-
fully employed in Refs. @3–6#.

Early theoretical predictions @7# of the masses and the
widths for these states were obtained by extrapolation from
the measured properties of other heavy-light quark systems
based on the gross features of heavy-quark symmetry @1#.
Calculations in the nonrelativistic valence-quark approxima-
tion @8# and the fully relativistic light-quark model @9# have
also become available. The latter model is in good agreement
with the properties of the observed heavy-light mesons and
heavy quarkonia. The predictions of the three approaches are
listed in Table I. To date the B** states have been observed
only in the e1e2 environment at LEP @10–13# with proper-
ties in reasonable agreement with the expectations.

In this paper we present a measurement of the production
rate and the mass of the B** states using a sample of B
mesons partially reconstructed through their semileptonic de-
cays into charm mesons. The data were collected with the
Collider Detector at Fermilab ~CDF! at the Tevatron pp̄ col-
lider. This analysis is closely related to that of Ref. @5#, and a
number of results presented there are not repeated here.

The remainder of this paper is organized as follows: Sec-
tion II gives a brief overview of the CDF detector and the
details of data selection and B** reconstruction; Sec. III lists
the backgrounds to the B** signal; Sec. IV A explains the
fitting procedure and links in the treatment of the most im-
portant backgrounds; the results and estimated uncertainties
are presented in Sec. IV B; and finally Sec. V contains a
summary.

II. THE CDF DETECTOR AND DATA SELECTION

A. Apparatus

This analysis was performed on the data collected with
the CDF at the Tevatron collider during the 1992–1996 data-
taking period. The integrated luminosity of this data sample
is 110 pb21 of pp̄ collisions at As51.8 TeV. A full descrip-
tion of the detector can be found in Refs. @14#, @15#. Here we
describe briefly only the subsystems relevant to the analysis.

We use a cylindrical coordinate system with the z axis
pointing along the beam direction. The polar angle u is mea-
sured from the direction of the proton beam, and the azi-
muthal angle f from the horizontal plane. The pseudorapid-
ity, h52ln@tan(u/2)# , is frequently used in place of the
polar angle. Some quantities are measured only in the plane
transverse to the beam line; these are denoted with the sub-
script ‘‘T,’’ e.g., pT5p sin u is the transverse momentum of a
particle and ET5E sin u its transverse energy.

The tracking systems are located inside a superconducting
solenoid, which generates a 1.4 T magnetic field. The silicon
vertex detector ~SVX! @15# is a solid-state tracking device
located immediately outside the beam pipe. It consists of
four layers of silicon microstrip detectors at radii ranging
from 3.0 to 7.9 cm. The SVX provides a measurement of the
impact parameter of tracks in the plane transverse to the
beam axis with a resolution of sd5(13140/pT) mm, where
pT is in GeV/c; it does not measure the longitudinal coordi-
nates of tracks. The outermost tracking device is the central
tracking chamber ~CTC!, a drift chamber providing a three-
dimensional measurement of tracks in the region uhu,1.1
from the nominal pp̄ interaction point. The combined SVX-
CTC system enables us to measure transverse track momenta
with the resolution dpT /pT'A(0.9pT)2

1(6.6)2
31023,

where pT is in GeV/c . Between the SVX and the CTC lies a
set of time-projection chambers measuring the longitudinal
positions of the pp̄ interaction vertices.

FIG. 1. Predicted spectrum and dominant decays of the low-
lying B meson states.

OBSERVATION OF ORBITALLY EXCITED B MESONS . . . PHYSICAL REVIEW D 64 072002

072002-3

Properties of B∗∗ and Bc Mesons 4



Previous B∗∗ Results
Experiment Reconstruction Bj mass (MeV/c2) Bj Width

ALEPH exclusive 5695 ± 18 53 ± 16

CDF (µD) + π 5710 ± 10 NA

DELPHI inclusive B + π 5732 ± 21 145 ± 28

OPAL inclusive B + π 5681 ± 11 116 ± 24

• None of these experiments resolved four states.
• Either inclusive or statistics limited.
• Measured widths probably includes many states.

• PDG average mass: 5698 ± 8 MeV/c2.
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D0 Detector
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• Muon coverage out to |η| < 2.0

• Tracking with silicon vertex detector.
• 2.0T Magnetic field.
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Data Set

• B∗∗ analysis: 350 pb-1

• Bc analysis: 210 pb-1
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B∗∗ Event Selection
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• Two oppositely charged muons (2.8 < m < 3.35 GeV/c2).

• Constrain to J/ψ mass.

• Require additional particles to form B meson.
• K±, K∗0, Ks.

• Require large B decay length significance (L/σL).

• Require B momentum along direction from primary to decay vertex.
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Reconstructed B Masses
B± → J/ψK±

- µ+µ−

7217 ± 127 events.

DØ RunII  Preliminary
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B∗∗ Reconstruction
• Select B+ and B0

d candidates.
• Combine with π± candidate from primary vertex.
• Plot M(Bπ) −M(B).

• Mass difference improves resolution.
• Expect three peaks.

• B1 → B∗π (B1 → Bπ forbidden by J, P cons).
• B∗

2 → B∗π
• B∗

2 → Bπ

• Ignore γ from B∗ decays.
• Shifts mass difference by 46 MeV/c2.

• Cannot distinguish wide jq = 1
2

states from bkg.
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Mass Difference
First observation of separate states.
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B∗
2 → B∗π, B∗ → Bγ

@
@

@I

B∗
2 → Bπ

N(B∗∗) = 536 ± 114, ∼ 7σ significance.
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Signal Fit
Nsig = N

(

f1 ×G(∆1,Γ1) B1 → B∗π (273 ± 59)

+ (1 − f1){f2 ×G(∆2,Γ2) B∗

2 → B∗π (131 ± 30)

+ (1 − f2)G(∆2,Γ2)}

)

B∗

2 → Bπ

• N : Number of B∗∗ candidates.
• f1, f2: B1 fraction of total, BF(B∗

2 → B∗π).
• G: Breit-Wigner convoluted with a gaussian.
• Γ1,2, ∆1,2: B1,2 width and mass difference.
• Theory: Γ1 = Γ2 and f2 = 0.5.
• MC: ∆M resolution = 10.3 MeV/c2.
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Consistency Checks

Signal is evident for B± decays.

DØ RunII  Preliminary
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Signal is evident for B0
d decays.
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N = 32±36 for events where pion
is inconsistent with primary ver-
tex.
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Systematic Errors

Preliminary

Source M(B1) M(B∗
2) −M(B1) Γ1,2 f1

(MeV/c2) (MeV/c2) (MeV/c2)

Background shape 2 2.2 4.5 0.03

B∗
2 → B∗π rate (0.0-0.7) 6 3.1 6.2 0.21

Float Γ2 0 0.5 1.4 0.02

Mass resolution 2 0.6 7.1 0.03

Momentum scale 1 0.1 0.0 0.00

Total 6.7 3.9 9.3 0.21
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B∗∗ Results

Preliminary
First observation of B1 and B∗

2 separation.
• M(B1) = 5724 ± 4 ± 7 MeV/c2.
• M(B∗

2) −M(B1) = 23.6 ± 7.7 ± 3.9 MeV/c2.
• Γ1 = Γ2 = 23 ± 12 ± 9 MeV/c2.
• f1 = 0.51 ± 0.11 ± 0.21.

First errors are statistical and second errors are
systematic.
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Bc Mesons
• Last of ground state mesons to be observed.
• Good test of quark models.
• Theory

• M(Bc) ∼ 6.4 GeV/c2

• Lifetime 0.3-0.5 ps
• Only previous result: CDF Run I

• 20.4+6.2
−5.5 events.

• M(Bc) = 6.40 ± 0.39 ± 0.13 GeV/c2.
• τ(Bc) = 0.46+0.18

−0.16 ± 0.03 ps
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Bc Event Reconstruction

• B±
c → J/ψµ±ν

- µ+µ−

• Require M(µ+µ−) within 0.25 GeV/c2 of J/ψ.
• Constrain mass to J/ψ.

• Combine with extra high-quality µ in event.
• Backgrounds estimated with J/ψ + non-µ

track.
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Bc Fit

• Bc signal is extracted from
a simultaneous unbinned
likelihood fit to J/ψµ mass
and J/ψµ proper time.

• Performed for a variety of
mass hypotheses.
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Bc Signal
• Background probability

density determined from
J/ψ+ track events.
• T < 0 → prompt bkg.
• T > 0, 2 → heavy

flavor bkg.

• Excess composed of:
• Bc → J/ψµν

• Bc → ψ(2S)µν

• Bc → J/ψµνπ0
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Bc Backgrounds
• Look for feeddown from
B+

c → ψ(2S)µ+ν.
• ψ(2S) → J/ψX.

• Observe fewer than 15
ψ(2S) candidates.

• Use this to fix feeddown
fraction at (15 ± 15)%.

• Use Bu and Bd decays
as guide for non-resonant
backgrounds (15 ± 15%). 0
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Check of Background Estimation
• Expect B+

c → ψ(2S)µ+X,
ψ(2S) → µ+µ− sample to
be dominated by
background.
• B+

c → ψ(2S)µ+X ∼

5 − 100 times smaller
than B+

c → J/ψµ+ν.
• Compare J/ψ + track

sample to
B+

c → ψ(2S)µ+X

sample.
• Test of heavy flavor

background.
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Bc Consistency Checks
• Simple counting

experiment.
• Normalize background

sample to events with
T > 2.

• See excess consistent
with Bc signal.

• Fit w/o signal → ∆(log-

likelihood) = 60 for 5 de-

grees of freedom.
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Systematic Studies
Source Mass (GeV/c2) Lifetime (ps) # Signal

Limited background statistics 0.06 0.013 3.0

Fraction non-resonant B+
c → J/ψµ+π0ν 0.14 0.022 6.7

Feed-down fraction from B+
c → J/ψ(2S)µ+ν 0.08 0.017 5.4

MC signal modeling: phase space vs. ISGW 0.16 0.023 4.4

MC signal modeling: HQET vs. ISGW 0.06 0.007 1.8

Bc pT spectrum 0.05 0.004 0.8

Momentum binning 0.14 0.062 0.4

Alignment and primary vertexing algorithm 0.08 0.085 3.1

Vertex algorithm selection criteria 0.06 0.028 −

Prompt/heavy relative bkgd fraction 0.15 0.036 −

Total systematic error 0.34 0.121 10.7
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Bc Result

• Events: 95 ± 12 ± 11.
• Mass: 5.95+0.14

−0.13 ± 0.34 GeV/c2.

• Lifetime: 0.448+0.123
−0.096 ± 0.121 ps.

First errors are statistical and second errors are
systematic.
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Summary

• D0 has made new observations of B∗∗ and Bc

mesons.
• First time separation of B1 and B∗

2 is
observed.

• New results on Bc with significantly more
statistics.

• Expect new and interesting discoveries in B
mesons from the Tevatron.
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